TGF-␤ is a potent inhibitor of MEC proliferation and plays a key role in mammary gland development (55) . Specific loss of its ability to arrest proliferation is an essential step in the development of breast cancer, while its ability to induce other cellular changes is maintained and used to drive oncogenesis (30, 55) . However, selective loss of TGF-␤ growth inhibition responses rarely occur at the level of the TGF-␤ receptor or Smad proteins, which are common to many aspects of TGF-␤ signaling (55) . Instead, disruption of the TGF-␤ cytostatic response often occurs at the level of CDK regulation, leaving other protumorigenic aspects of TGF-␤ signaling intact (56) . This underscores the importance of understanding all cell cycle-regulatory targets of TGF-␤, as they are candidates for mutation in breast cancer (15) .
TGF-␤ suppresses proliferation by inducing growth arrest in the G 1 phase of the cell cycle (54, 55) . TGF-␤ signaling results in transcriptional repression of proproliferative genes, such as c-Myc (65) and CDC25A (38) , and, concomitantly, transcriptional induction of the CDK inhibitors p21 (11) and p15 (31) , as well as stabilization of the p27 protein (66) . This creates a global inhibition of CDK activity that leads to dephosphorylation and activation of pRB in G 1 (56) . Despite the requirement for pRB in TGF-␤-induced cell cycle arrest (34) , it is rarely considered a component of this signaling pathway (55) . Because pRB controls the final regulatory step before commitment to DNA replication (87) , activation of any pathway that results in G 1 arrest regulates pRB function, suggesting that pRB uses the same G 1 arrest mechanism independently of the initial stimulus that causes it. However, most experiments investigating pRB's growth arrest mechanism have relied on its reexpression in the RB1-deficient Saos-2 cell line as the arrest stimulus (6, 7, 14, 35, 68, 76) . The artificial nature of these experiments leaves open the possibility that pRB may have unique activities that are invoked depending on the growth arrest signal.
Mice deficient for TGF-␤1, -2, or -3 die as embryos or neonates due to extensive defects in development (42, 45, 67, 74, 79) . Strikingly, disruption of TGF-␤ signaling specifically in the mammary gland causes defects such as hyperplastic ductal epithelium and defective nursing (20, 21, 28, 29, 41) . The relative importance of TGF-␤ growth inhibition compared to its other morphogenic signals in mammary gland development is unclear (22, 77) . However, many targets and components of TGF-␤'s cytostatic signaling cascade, such as cyclin D1 and p27, also participate in controlling mammary epithelial proliferation during development (25, 27, 48, 59, 80, 81) . Surprisingly, it has been suggested that pRB may be dispensable for this process (73) . Complete loss of pRB function in mice results in embryonic lethality shortly after the formation of the mammary anlagen (8, 40, 49) . To study postnatal mammary development, Robinson et 
al. transplanted Rb1
Ϫ/Ϫ anlagen into clarified fat pads of wild-type females (73) . They found no differences in mammary gland development or tumor formation. However, transplant experiments have a number of shortcomings. For example, transplanted anlagen do not form a connection with the nipple, preventing a complete study of mammary gland function. Furthermore, complete loss of pRB results in upregulation of the related protein p107, which can compensate for some aspects of pRB function (37, 71) . This highlights our limited knowledge of pRB function in mammary gland development and emphasizes the need for more sophisticated approaches to study its potential role in this tissue.
To exert control over proliferation, pRB interacts with E2F transcription factors and corepressor proteins to block expression of genes that are involved in cell cycle progression (5, 18, 82, 84) . Most corepressors contact pRB using an LXCXE peptide motif. This allows pRB-E2F complexes to recruit chromatin-remodeling factors, such as DNA methyltransferases, histone methyltransferases, histone deacetylases, and helicases, to actively repress transcription (4, 17, 46, 53, 61, 72, 83) . The binding cleft on pRB that contacts the LXCXE motif is a highly conserved region of the growth-suppressing "pocket" domain (50) . This hydrophobic cleft was first identified as the site of contact for LXCXE motifs in viral oncoproteins, such as adenovirus E1A, simian virus 40 large T antigen, and human papillomavirus E7 (12, 19, 58, 85) . The fact that so many cellular proteins can use an LXCXE motif to bind to pRB suggests that this cleft serves an important physiological purpose. However, few LXCXE motif-containing proteins are known to be required for pRB-dependent cell cycle arrest (2, 88) . Thus, it remains unclear whether LXCXE-dependent interactions are broadly required for pRB action or for a subset of its growth-inhibitory activities.
In an effort to understand the importance of the LXCXE binding cleft in pRB growth arrest during development, we used two knock-in mutant mouse strains termed Rb1 ⌬L and Rb1 NF in which the LXCXE binding site on pRB had been disrupted by mutagenesis (39) . Contrary to previous reports, we demonstrate that pRB has a critical role in mammary gland development. Loss of pRB-LXCXE interactions leads to defects in nursing and epithelial growth control. These phenotypes are linked to a disruption in TGF-␤ growth inhibition in Rb1 ⌬L/⌬L and Rb1 NF/NF mammary glands. The inability of TGF-␤ to block proliferation occurs despite inhibition of CDKs and appears to be dependent on the ability of pRB to actively repress the expression of E2F target genes. This suggests that pRB has a more intimate role in the TGF-␤ growth arrest pathway, because TGF-␤ requires LXCXE-dependent interactions where other pRB-dependent arrest mechanisms do not. Furthermore, this study reveals an unappreciated role for pRB in mammary gland development.
MATERIALS AND METHODS
Abbreviations. The abbreviations used are BrdU, 5-bromo-2-deoxyuridine; CDK, cyclin-dependent kinase; H&E, hematoxylin and eosin; MEC, mammary epithelial cell; MEF, murine embryonic fibroblast; pRB, retinoblastoma protein; P2, day 2 postparturition; Rb1, retinoblastoma gene; TGF-␤, transforming growth factor ␤; ES, embryonic stem; MMTV, mouse mammary tumor virus; PBS, phosphate-buffered saline; DAPI, 4Ј,6Ј-diamidino-2-phenylindole; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; GST, glutathione S-transferase.
Mouse strains. The Rb1 ⌬L mouse strain containing three amino acid substitutions in the Rb1 locus has been previously described (39) . Analysis of Rb1 ⌬L/⌬L mice was performed on a mixed 129/B6 background. To generate the Rb1 NF strain, correctly targeted TC1 ES cells were identified by Southern blotting as shown in Fig. 1B and C and injected into blastocysts to generate chimeric mice. Male chimeras were bred to C57/BL6 females, and agouti progeny were bred to 129 Sv/Ev/Tac mice that contained the Cre recombinase gene driven by the protamine promoter (PrmCre) (62) . Males that carried Rb1 NF(Neo) and PrmCre expressed Cre recombinase during spermatogenesis, which led to excision of the Neo cassette in sperm. These mice were then bred to generate Rb1 NF/NF progeny and were subsequently studied in a mixed 129/B6 background. Genotyping methods and primer sequences are available upon request. MMTV TGF-␤1 223/225 mice express simian TGF-␤1 carrying serine mutations at cysteines 223 and 225 of the TGF-␤1 precursor, resulting in the production of a constitutively active form of the mature protein (64) . These mice were obtained from Jackson Laboratories on a C57/B6 background and were bred to the Rb1 ⌬L mutation, creating a mixed 129/B6 genetic background.
Nursing data were collected from birth (P0) to weaning. Females were considered unable to nurse if all pups died within the first 2 days postparturition and were considered able to partially nurse if some, but not all, pups survived past P2. Both multiparous and uniparous females were used in the study. All animals were housed and handled as approved by the Canadian Council on Animal Care.
Histology and mammary whole mounts. The second and third thoracic mammary glands were dissected at 8 weeks of age or at P2 and fixed in neutral buffered 10% formalin. The fixed tissues were embedded in paraffin, cut into 5-m-thick sections, and stained with H&E. To determine the extent of hyperplasia, the ductal cross sections present per paraffin section were counted and the fraction of hyperplastic ducts per genotype was calculated. Cross sections from three to nine females per genotype were quantified. Ductal cross sections with more than three layers of epithelial cells were scored as hyperplastic. For wholemount experiments, the fourth inguinal mammary gland was removed, mounted on a glass slide, and stained with Carmine Red using standard methods.
Detection of cytokeratin 18 and cytokeratin 14 was performed on paraffin sections that had been deparaffinzed and rehydrated using a series of xylene and ethanol washes. The sections were brought to a boil in sodium citrate buffer and then maintained at 95°C for 10 min. The cooled sections were rinsed in water three times for 5 minutes each time and then rinsed in PBS for 5 minutes. The sections were blocked in 2.5% horse serum/2.5% goat serum in PBS-0.3% Triton X for 1 hour. The sections were incubated with anti-cytokeratin 18 (KS18.04; Fitzgerald) and anti-cytokeratin 14 (AF64; Covance) overnight at 4°C and then rinsed in PBS three times for 5 minutes each time. The slides were incubated with horse anti-mouse immunoglobulin G-fluorescein isothiocyanate and goat anti-rabbit immunoglobulin G-Texas Red secondary antibodies (FI-2000 and TI-FI-1000; Vector) for 1.5 h and then rinsed in PBS as described above. The slides were mounted with Vectashield plus DAPI (H-1200; Vector) and sealed with nail polish. Fluorescent images were captured on a Zeiss Axioskop40 microscope and Spot Flex camera and colored using EyeImage software (Empix Imaging, Mississauga, Ontario, Canada).
Mammary transplants. Mammary transplants were performed as described by Moorehead et al. (57) . All transplants were performed using the fourth inguinal glands. The epithelial portions of 3-week-old Rb1 ⌬L/⌬L mammary glands were removed by harvesting the tissue between the lymph node and nipple. Two-by 2-mm sections of this tissue were placed into the cleared fat pads of Fox Chase SCID mice, and the epithelial tissue from Rb1 ϩ/ϩ females was placed in the contralateral fat pads. SCID females were euthanized at 8 weeks of age, and the fraction of hyperplastic ducts was determined as outlined above.
Cell culture. Primary MECs were harvested as described by Hojilla et al. (36) . Each MEC preparation consisted of the mammary glands of four female mice.
Rb1
ϩ/ϩ and Rb1 ⌬L/⌬L mammary glands were minced and dissociated in 2 mg/ml collagenase IV in Dulbecco's modified Eagle's medium-F12 medium supplemented with 100 g/ml gentamicin, 60 U/ml nystatin, and 100 U/ml penicillinstreptomycin for 2 h at 120 rpm at 37°C. The cells were then washed with PBS supplemented with 5% adult bovine serum and plated onto collagen-coated dishes. MEC cultures were maintained with Dulbecco's modified Eagle's medium-F12 medium supplemented with 1% adult bovine serum, 10 g/ml insulin, 5 ng/ml epidermal growth factor, 50 g/ml gentamicin, 20 U/ml nystatin, and 100 U/ml penicillin-streptomycin. Finally, the cultures were passaged and purified using a differential dispase treatment.
Keratinocytes were harvested as described previously (16) . P0 to P2 animals were euthanized and immersed in 70% ethanol for 25 min at 4°C to sterilize them. Limbs, tails, and heads were removed before the dermis and epidermis were isolated from the mice, dermis side down, and rinsed in PBS to remove blood. One milliliter of 0.25% trypsin was added to each skin prior to incubating it at 4°C overnight. The skins were placed in 2 ml of fresh trypsin and incubated at 37°C for 30 min to 1 h. The epidermis was then separated from the dermis and minced finely with scissors in 15-ml conical tubes. Fifteen milliliters of keratinocyte growth medium (no-calcium Eagle's minimum essential medium, 8% Chelex-treated fetal bovine serum, 74 ng/ml hydrocortisone, 6.7 ng/ml triiodothyronine, 5 g/ml insulin, 10 Ϫ10 M cholera toxin, 5 ng/ml epidermal growth factor, and 0.1% penicillin-streptomycin) was added to each tube, and the tubes were rocked gently at 37°C for 10 to 15 min. The suspension was filtered through a 70-m nylon filter and plated at 400,000 cells per well onto collagen-and poly-L-lysine-coated coverslips in 24-well plates. The day after being plated, the cells were rinsed with PBS, and fresh medium was added. The medium was changed every other day to maintain proliferation. Rb1 ϩ/ϩ and Rb1 ⌬L/⌬L primary MEF cultures were derived as previously described (39) . Cell culture experiments were carried out using passage 2 MECs, passage 4 MEFs, and passage 1 keratinocytes.
TGF-␤ growth arrest assays. Asynchronously proliferating Rb1
⌬L/⌬L , and Rb1 NF/NF MEFs were treated with 100 pM TGF-␤1 (R&D Systems) for 24 h. The cells were then pulse-labeled with BrdU (RPN201V1; Amersham Biosciences) according to the manufacturer's instructions for 1.5 h. BrdU incorporation was quantified using flow cytometry as previously described (9) . Flow cytometry was carried out on a Beckman-Coulter EPICS XL-MCL instrument. Data analysis was carried out using CXP version 2 software. Rb1 ϩ/ϩ and Rb1 ⌬L/⌬L MECs and keratinocytes were treated with TGF-␤1 as outlined above, and BrdU incorporation was measured using immunofluorescence microscopy. The cells were fixed and stained with an antibody against BrdU (1:500) (347580; BD Biosciences) using methodologies outlined by Foster et al. (23) . The percentage of BrdU-positive cells was determined from 10 fields of view per treatment group, and the average decrease in proliferation was calculated relative to untreated controls cultured in parallel.
Retroviral infections.
Retroviral infections were performed as previously described (63) . BOSC packaging cells were plated at 10 7 cells per 15-cm dish in 25 to 30 ml of medium 24 h prior to transfection. Each dish was transfected with calcium phosphate with 60 g of pBabe plasmid containing p16, p21, or vector alone. The BOSC medium was replaced with 10 to 15 ml of fresh medium the next morning. Two days later, the viral supernatant was filtered and supplemented with 4 g/ml of Polybrene before being placed directly on passage 3 MEFs that had been plated at 8 ϫ 10 5 cells per 10-cm dish a day earlier. The BOSC cells were given fresh medium, and this was used for a second round of infection 12 h later. After another 12 h of incubation with viral supernatant, the MEFs were given fresh medium for 8 to 12 h, at which point infected MEFs were selected for 4 days with medium containing 5 g/ml puromycin. After drug selection, the MEFs were replated at low density in drug-containing medium for BrdU labeling and subsequent flow cytometry analysis.
Protein and RNA quantification. To isolate milk, female mice were injected with 4.5 U oxytocin (Sigma) 4 hours after removal of their offspring. Thirty minutes later, milk was extracted manually. Equal volumes of milk and 2ϫ SDS-PAGE buffer were mixed, denatured, and resolved by SDS-PAGE. Gels were stained with Coomassie blue.
To ⌬L mutation changes these amino acids to alanines (red), removing one side of the LXCXE binding cleft, while the Rb1 NF mutation adds a bulky phenylalanine instead of an asparagine at amino acid 750 (red). This is predicted to occupy more space and block access to the LXCXE binding cleft. (B) Genomic structure of Rb1. The targeting vector containing a LoxP-flanked PGK-neo cassette inserted into intron 23 and the mutation N750F in exon 22 are indicated. A new XbaI site was introduced into intron 21. Homologous recombination resulted in the Rb1 NF-neo allele. The location of the 5Ј probe used for Southern blotting is also shown. Following germ line transmission, the correctly recombined allele was generated by crossing chimeric males to a Cre-expressing transgenic strain. The structure of the Rb1 NF allele in which Neo has been correctly excised is shown at the bottom. (C) Southern blot of representative ES clones digested with XbaI and probed with the 5Ј probe. (D) The ability of GST-E1A and GST-DP1/His-E2F3 to interact with pRB ⌬L and pRB NF was tested in GST-pulldown assays, and bound pRB protein was detected by Western blot analysis. Rb1 ⌬L/⌬L MEFs were treated with 100 pM TGF-␤1 (R&D Systems) for 2 or 24 h, respectively. Total cellular extracts were isolated in radioimmunoprecipitation assay buffer. Equal amounts of total cellular proteins were resolved in each lane by SDS-PAGE, transferred to membranes, and probed using standard methods. Proteins were detected using the following antibodies: Smad2 (sc-6200; Santa Cruz), phospho-Smad2 S465/467 (AB3849; Chemicon), pRB (G3-245; BD-Pharmingen), and phospho-pRB S807/811 (9308; Cell Signaling).
mRNA levels were detected using the Quantigene Plex 2.0 reagent system (Panomics, Freemont, CA) and measured using a BioPlex200 multiplex analysis system according to the manufacturer's instructions.
Luciferase reporter assays. Luciferase reporter assays were performed as described by Sarker et al. (75) . MEFs were seeded at 75,000 cells/well in a six-well plate 24 h prior to transfection. The cells were then cotransfected with 3TP-lux (250 ng/well) (86) and cytomegalovirus-␤-galactosidase vector (50 ng/ well) using Fugene 6 (Roche) according to the manufacturer's directions. Twenty-four hours posttransfection, the cells were treated with 100 pM TGF-␤1 (R&D Systems) for 20 h at 37°C. Extracts were prepared using Luciferase assay buffer (Promega), and luciferase activity was measured on a Wallac Victor2 1420 multilabel reader. ␤-Galactosidase activity was measured colorimetrically using 2-nitrophenyl-␤-D-galactopyranoside as the substrate. Luciferase activity (measured in relative light units) was normalized to the ␤-galactosidase measurements.
RESULTS
Two distinct strategies to eliminate pRB-LXCXE interactions. The LXCXE binding cleft is one of the most highly conserved regions of the retinoblastoma protein (50) and is the contact site for many proteins involved in chromatin regulation (5) . However, it is noteworthy that proteins like Suv39h1, Cdh1, and the condensin subunit CAP-D3 do not contain a classic LXCXE motif yet require the LXCXE binding cleft for interaction with pRB (2, 51, 61) . To understand the importance of interactions between pRB and cellular partners that use this binding surface, we generated two knock-in mouse models that use distinct mutation strategies to disrupt interactions with this region of pRB. The Rb1 ⌬LXCXE (referred to here as Rb1 ⌬L ) mutant replaces three well-conserved amino acids (I746, N750, and M754) with alanines and has been previously reported (39) (Fig. 1A) . These substitutions are predicted to make the leucine and cysteine residues of the LXCXE motif a loose fit. A different gene-targeting strategy was utilized to block access to the LXCXE binding cleft in the Rb1 N750F (Rb1 NF ) mouse. The Rb1 NF mutant substitutes a bulky phenylalanine for asparagine at amino acid 750, which is predicted to sterically block access to the LXCXE binding cleft (Fig. 1A) . The targeting strategy used to create this mouse is shown in Fig. 1B , with a representative Southern blot showed targeting by homologous recombination (Fig. 1C) . The selectable marker was removed by breeding Cre-transgenic and chimeric mice. F1 offspring were subsequently intercrossed to eliminate the transgene and produce homozygous Rb1 NF/NF animals.
Previous cell culture-based studies showed that pRB ⌬L and pRB NF are unable to bind LXCXE-containing proteins, including adenovirus E1A, human papillomavirus E7, histone deacetylase 1, retinoblastoma binding partner 1, Sin3, and Cterminal binding protein 1, but these pRB mutants retain normal interactions with E2F transcription factors (7, 39 mothers frequently did not survive past P2 (Table 1) . Furthermore, many pups that did survive had very small white spots on their abdomens ( Fig. 2A) , indicating that they were not being nursed regularly. In the majority of cases, Rb1 ⌬L/⌬L and Rb1 NF/NF females built nests, and after delivery, offspring were cleaned and present in the nest. The mothers quickly retrieved offspring that we removed from the nests, and pups were routinely observed attempting to suckle. Thus, despite ostensibly normal maternal and offspring behavior, little or no milk was observed in the stomachs of newborns from Rb1 ⌬L/⌬L and Rb1 NF/NF mothers, indicating that impaired milk intake caused the neonatal lethality ( Fig. 2A) .
To confirm that there were no defects in milk production, we performed histological analysis of postpartum mammary tissue from Rb1 ϩ/ϩ , Rb1 ⌬L/⌬L , and Rb1 NF/NF females. All had undergone similar degrees of lobuloalveolar formation, and the alveoli contained milk at P2 (Fig. 2B) . SDS-PAGE and Coomassie staining of milk obtained from Rb1 ϩ/ϩ and Rb1
⌬L/⌬L
mammary glands revealed no differences in milk protein con- a Mothers were considered unable to nurse if their pups died within the first 2 days post-parturition. Females that lost at least one pup and had at least one pup survive past P2 were considered to have partially nursed. Proportions were compared between relevant groups using a chi-square test.
b P Ͻ 0.05. c P Ͻ 0.01
tent between the genotypes, suggesting that neonatal morbidity was not due to poor milk quality from Rb1 mutant mothers (Fig. 2C) . However, histological analysis of mammary glands from lactating and multiparous mutant females revealed large, dilated ducts containing milk (Fig. 2D) , a phenotype consistent with an inability to secrete milk (43 (Fig. 3F) , as well as invagination of the epithelium into the lumen of the duct. The tables in Fig. 3A and C show a significantly elevated frequency of hyperplastic ducts in Rb1 mutant mice compared with controls (P Ͻ 0.0001). These data suggest that pRB-LXCXE interactions are required for proliferative control of mammary ductal epithelium during development. Conversely, degrees of ductal infiltration of the fat pad were similar between wild-type and mutant genotypes, as revealed by Carmine Red staining of mammary gland whole mounts (Fig. 3B and D) . In addition, branching frequency and overall ductal morphogenesis appeared normal, suggesting that hyperplasia that is visible at a microscopic level throughout development does not manifest in more severe developmental problems.
Both epithelial and stromal factors influence ductal development. To determine whether disruption of LXCXE interactions within the mammary epithelium was sufficient to enhance ductal growth, we transplanted mammary epithelial tissue from wild-type and Rb1 ⌬L/⌬L mutants into cleared fat pads of Fox Chase SCID recipients prior to puberty. H&E staining revealed that hyperplastic epithelia were evident in Rb1 ⌬L/⌬L glands, even in the presence of wild-type stroma and endocrine factors (Fig. 3E) . This demonstrates that overproliferation of the mammary ductal epithelium in Rb1 mutant mice is not a secondary consequence of altered endocrine signaling or signaling from the surrounding stroma, but rather is epithelial cell autonomous.
This analysis reveals a striking defect in mammary ductal development in Rb1 ⌬L/⌬L and Rb1 NF/NF virgin mice. This defect is specific to the epithelial compartment, as ductal branching, which relies on stromal signaling (41) , is intact, and the transplants revealed that the hyperplasia persists even in the presence of wild-type stroma. Transplantation experiments further demonstrated that the hyperplasia is phenotypically distinct from the apparently normal development that takes place with transplanted Rb1 Ϫ/Ϫ mammary anlagen (73) . Consequently, these Rb1 mutant strains have revealed a key role for pRB in mammary epithelial proliferation and function.
Defective TGF-␤ growth inhibition in Rb1 ⌬L/⌬L and Rb1 NF/NF cells contributes to hyperplasia. TGF-␤ is essential for growth control and development of the mammary gland (22, 55) . Interestingly, excessive ductal proliferation is seen in mice hemizygous for Tgf-␤1 or expressing a dominant-negative TGF-␤ type II receptor (20, 21, 28, 29, 41) . Furthermore, dominant-negative TGF-␤ type II receptor mice display a nursing defect (29) . The similarity of phenotypes between mice defective for pRB-LXCXE interactions and mice defective for TGF-␤ signaling within the mammary epithelium prompted us to examine the ability of Rb1 ⌬L/⌬L and Rb1 NF/NF cells to respond to a TGF-␤1 growth arrest signal. We treated primary MEFs from Rb1 ϩ/ϩ , Rb1 ⌬L/⌬L , and Rb1 NF/NF mice with TGF-␤1 for 24 h, pulse-labeled them with BrdU, and then quantified the percentage of cells incorporating BrdU by flow cytometry (Fig. 4A) . Rb1 Ϫ/Ϫ cultures served as an important control because they are known to be refractory to TGF-␤1 growth arrest (34) This analysis of TGF-␤ growth control was expanded to include other cell types that are more sensitive to TGF-␤-induced cell cycle arrest. We prepared primary MECs and plated them in duplicate, and TGF-␤1 was added to one of each pair. The percentage of BrdU-positive cells was determined by immunofluorescence microscopy, and the decrease in incorporation was calculated using the untreated control as a reference (Fig. 4B) . We found that the ability to induce TGF-␤1 growth arrest was drastically reduced in Rb1 ⌬L/⌬L MECs. Rb1 ϩ/ϩ MECs had almost a fourfold decrease in cell proliferation, while Rb1 ⌬L/⌬L MECs showed less than twofold reduction in BrdU incorporation (P ϭ 0.03). We also performed this experiment with Rb1 ϩ/ϩ and Rb1 ⌬L/⌬L primary keratinocytes (Fig. 4C) . Rb1 ϩ/ϩ keratinocytes displayed a large decrease in BrdU incorporation, while Rb1 ⌬L/⌬L cells demonstrated only a 2.4-fold reduction in proliferation (P ϭ 0.0113). From these experiments, we conclude that pRB-LXCXE interactions are critical for TGF-␤ growth control in multiple cell types.
To validate that resistance to TGF-␤ growth inhibition contributes to the developmental defects seen in the mammary glands of mice lacking LXCXE interactions, we combined the Rb1 ⌬L mutation with an MMTV TGF-␤1 transgene to determine whether hyperplastic ductal growth of Rb1 ⌬L/⌬L epithelia could be suppressed in the presence of excess TGF-␤1. Figure  5 shows our analysis of ductal hyperplasia in 8-week-old Rb1 ϩ/ϩ and Rb1 ⌬L/⌬L mice overexpressing a constitutively active form of TGF-␤1. H&E staining of ductal cross sections showed a persistent hyperplastic phenotype that was indistinguishable from Rb1 ⌬L/⌬L alone (compare Fig. 5A with Fig.  3A) . Furthermore, the frequency of hyperplastic ducts in Rb1 ⌬L/⌬L mice overexpressing active TGF-␤1 was also similar to Rb1
⌬L/⌬L alone (compare Fig. 5B with Fig. 3A) . We also investigated the expression pattern of the MMTV transgene using RT-PCR to detect the simian TGF-␤1 transcript (Fig.  5C ). This shows that expression of the transgene is evident as early as 3 weeks of age. Thus, even after 5 weeks of persistent expression of a constitutively active form of TGF-␤1, the mammary ductal epithelium still overproliferates. This reveals that resistance to TGF-␤ growth inhibition is an important component of the ductal hyperplasia phenotype.
These data link the hyperplastic phenotypes observed in mammary epithelium in Rb1 ⌬L/⌬L and Rb1 NF/NF mice with an inability to respond to TGF-␤ growth inhibition. In addition, a small increase in BrdU-positive basal keratinocytes has been observed in Rb1 ⌬L/⌬L mice compared to controls (1), suggesting that defective TGF-␤ growth arrest in Rb1 ⌬L/⌬L keratinocytes may have a mild effect on the epidermis. Our experiments have identified a previously unappreciated role for pRB in mediating TGF-␤ growth control in mammary epithelium that is necessary for mammary development and function. Rb1 ⌬L/⌬L cells transduce TGF-␤1-dependent signals. We next wanted to address the mechanism by which mutations in the LXCXE binding cleft of Rb1 disrupt TGF-␤ growth inhibition. TGF-␤ stimulates its receptors to phosphorylate Smad proteins, which translocate to the nucleus and, along with coregulators, activate or repress gene transcription of a number of diverse genes. The targets for activation include plasminogen activator inhibitor 1 (10, 13) and the CDK inhibitors p15 and p21 (11, 70) . To determine where pRB-LXCXE interactions are required in TGF-␤-mediated growth arrest, we analyzed the TGF-␤ signaling pathway in Rb1 ⌬L/⌬L MEFs. Phospho-specific Western blots showed that TGF-␤1 treatment of Rb1 ϩ/ϩ and Rb1 ⌬L/⌬L MEFs resulted in phosphorylation of Smad2 (Fig. 6A) . This suggests that TGF-␤ receptor expression and function are not significantly altered in Rb1 ⌬L/⌬L cells. To examine Smad-dependent transcription, we utilized the 3TP-lux reporter, which contains TGF-␤-responsive elements from the promoter of the plasminogen activator inhibitor 1 gene driving the expression of firefly luciferase (86) . Trans- fected Rb1 ϩ/ϩ and Rb1 ⌬L/⌬L MEFs had comparable levels of luciferase activity when stimulated with TGF-␤1 (Fig. 6B) . Importantly, luciferase expression was increased to the same extent when Rb1 ϩ/ϩ and Rb1 ⌬L/⌬L cells were treated with TGF-␤1. Together with the phospho-specific Western blot analysis, the luciferase assay data indicate that Smad-dependent signal transduction functions normally in Rb1 ⌬L/⌬L cells. From these experiments, it is clear that the Rb1 ⌬L mutation disrupts growth control but does not cause pleiotropic defects in TGF-␤ signaling.
Rb1 ⌬L/⌬L cells are unable to repress E2F target genes in response to TGF-␤. Growth inhibition by TGF-␤ is thought to be the result of multiple, overlapping means of inhibiting CDK activity (54, 55) . In G 1 , this leads to the accumulation of hypophosphorylated pRB and cell cycle arrest (24, 26, 47) . To investigate this aspect of TGF-␤ growth inhibition, we performed phospho-specific Western blot analysis of MEFs treated with TGF-␤1. Rb1 ϩ/ϩ and Rb1 ⌬L/⌬L MEFs had comparable levels of dephosphorylated pRB when treated with TGF-␤1 (Fig. 6C ), yet Rb1 ⌬L/⌬L cell proliferation was not reduced under these conditions (Fig. 4A) . This indicates that mutant pRB is activated by TGF-␤1 signaling and suggests that the defect in growth inhibition is downstream of CDK regulation.
To further confirm that Rb1 ⌬L/⌬L cells are unable to arrest despite the inhibition of cyclin/CDK activity, we sought to inhibit CDK activity directly. Hypophosphorylation of pRB and G 1 arrest can be induced by ectopic expression of INK4 and CIP/KIP family proteins, and this arrest is known to be lost in cells deficient for pRB (44, 52, 60, 78 
MEFs behaved like Rb1
Ϫ/Ϫ MEFs, with no reduction in BrdU incorporation ( Fig. 6D and E) . Thus, even when inhibitor expression blocked CDK activity, Rb1 ⌬L/⌬L MEFs were unable to arrest growth. Based on this analysis, we conclude that TGF-␤ growth arrest requires a unique aspect of pRB function beyond becoming dephosphorylated and binding to E2Fs.
To understand the nature of the pRB-LXCXE-dependent function that is required for TGF-␤-induced growth arrest, we determined whether mutant pRB still represses transcription of E2F target genes. We measured the mRNA levels of five E2F-responsive genes under conditions where TGF-␤1 stimulation inhibits proliferation of Rb1 ϩ/ϩ MEFs. While the levels of Pcna (proliferating cell nuclear antigen gene), Ccne1 (cyclin E1 gene), Rbl1 (retinoblastoma-like gene 1 [p107])), Ccna2 (cyclin A2 gene), and Tyms (thymidylate synthase gene) decreased in wild-type TGF-␤1-treated cells, there was little change in transcript levels for a number of these genes in Rb1 ⌬L/⌬L cells (Fig. 6F) . In some cases, expression appeared to increase slightly. Given that both wild-type and mutant pRB become hypophosphorylated under these TGF-␤1 treatment conditions (Fig. 6C) , we interpret this to mean that mutant pRB is active but unable to repress transcription.
This indicates that pRB functions as part of an active repressor complex in TGF-␤ growth inhibition. Presumably, this complex contains pRB, an LXCXE motif-containing corepressor, and an E2F transcription factor. Since the most obvious defect in Rb1 ⌬L/⌬L and Rb1 NF/NF mice lies in proliferative control during mammary gland development, this reveals a novel requirement for pRB-LXCXE interactions in the TGF-␤ cytostatic response that is uniquely important for mammary gland development and function.
DISCUSSION
This study revealed a number of unexpected findings about TGF-␤ signaling and pRB in regulating cell proliferation. First, our work highlights a previously unrecognized role for pRB in mammary gland development. Additionally, mutation of the highly conserved LXCXE binding region of pRB creates a very discrete functional defect in the mammary glands of otherwise normal mice. Because TGF-␤ signaling underlies the mam- Our work appears to contradict the report by Robinson, et al. that showed that complete ablation of pRB in transplanted epithelium results in normal mammary gland development (73) . However, these apparently paradoxical results may be explained by differences in experimental approaches. First, we discovered hyperplasia in early development of virgin animals, a defect that we were unable to detect in densely packed lactating mammary glands. Since these authors examined only the structure of lactating Rb1 Ϫ/Ϫ mammary glands, it is perhaps not surprising that they did not detect hyperplastic growth. Similar to Robinson, et al., we investigated the density and morphology of alveoli between genotypes in lactating females and did not detect differences. The inability of transplanted mammary glands to form a functional connection with the nipple precluded further assessment of a phenotype in Rb1 null glands. However, our intact-mouse models clearly showed a defect in expelling milk, indicating that fully functional pRB is necessary for lactation. To ascertain the importance of pRB in TGF-␤ proliferative control, Robinson et al. transplanted
WAP-TGF-␤1 Rb1
Ϫ/Ϫ epithelium into wild-type recipients. These mice expressed TGF-␤1 in alveolar cells during pregnancy and lactation. Again, these alveoli were indistinguishable from wild-type controls. In contrast, the MMTV TGF-␤1 transgene used in our experiments revealed in vivo resistance to TGF-␤1-induced growth arrest during early development. The challenges presented by transplanting embryonic Rb1
anlagen limit the range of developmental events that can be investigated and likely explain why pRB's role in mammary gland development and function has gone unnoticed until now.
Most breast cancers originate from ductal epithelium, and nearly all cell lines derived from breast cancer patients are unresponsive to the growth-inhibiting effects of TGF-␤1 in culture (15, 55 (28) . Future studies using transgenic induction of mammary tumorigenesis in our Rb1 mutant mice will allow TGF-␤'s cell cycle control function in cancer development and metastasis to be studied in isolation. Rb1 ⌬L/⌬L and Rb1 NF/NF cells are largely refractory to TGF-␤1 growth inhibition in cell culture, and our genetic cross to MMTV TGF-␤1 mice suggests that loss of this proliferative control mechanism results in hyperplasia. We speculate that TGF-␤ signaling defects also lead to the nursing defect in Rb1 ⌬L/⌬L and Rb1 NF/NF females, given that mice expressing a dominant-negative TGF-␤ type II receptor are also reported to have nursing defects (29) . We envision a number of scenarios that could explain this defect. One possibility is that overproliferation of the ductal epithelium causes physical blockage of the lumen, preventing milk letdown and ultimately leading to dilated ducts. Another possibility is that the nursing defect is not proliferation related. Since TGF-␤ signaling is necessary for contraction of smooth muscle cells (32, 33, 69) , the distended milk-filled ducts could result from reduced tension in myoepithelial cells. We did observe some ducts that lacked a complete ring of basal/myoepithelial cells in Rb1 ⌬L/⌬L sections (Fig. 3F) , suggesting that there may be disruption of the myoepithelial layer. Therefore, it is possible that TGF-␤ confers a more contractile phenotype on the myoepithelium during lactation and this is lost in Rb1 ⌬L/⌬L and Rb1 NF/NF mammary glands.
We have demonstrated that pRB has a much more intimate role in TGF-␤-mediated growth arrest than previously anticipated. This interpretation is based on the fact that TGF-␤-regulated growth control requires LXCXE interactions. Since Rb1 Ϫ/Ϫ mice are not viable and exhibit numerous proliferative control defects (8, 40, 49) that are complemented in viable Rb1 ⌬L/⌬L and Rb1 NF/NF animals, this indicates that pRB-LXCXE interactions are uniquely needed for TGF-␤ cell cycle arrest in a very specific tissue. We interpret defective repression of E2F-responsive genes to be the cause of the TGF-␤ arrest defect because pRB is hypophosphorylated after TGF-␤ stimulation but transcript levels of E2F targets remain elevated as the cell cycle continues to advance. The identity of the exact LXCXE-interacting protein(s) that pRB needs to contact in this growth arrest paradigm is unclear, as numerous binding partners have been implicated in chromatin regulation during transcriptional repression (4, 17, 46, 53, 61, 72, 83) . Identifying and characterizing the corepressor(s) that cooperate with pRB in response to TGF-␤ will be critical to fully understanding how TGF-␤ inhibits cell proliferation.
We have demonstrated that pRB has an essential role in growth control of the mammary gland during development. This study also revealed that pRB is a key component of TGF-␤-induced growth arrest because it functions differently in this growth arrest pathway than other pRB-dependent growth-suppressing functions in development. The Rb1 ⌬L and Rb1 NF mouse strains will be ideal to further advance our understanding of the mechanism of TGF-␤ growth arrest in the future.
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